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An experimental investigation was undertaken at a nominal hach 
wumber of 5,6 in the GALCIT ilypersonic Wind Tunnel, Leg No. 1. The 
first phase was an investisation of the viscous effects on ~easured 
inpact pressures. the second was an investigation of tie temperature 
recovery cuaracteristics of a sinvly shiclded total-tenperature probe. 

Experimental results are presented for a straight, sharp-li:ped, 
cylindrical, impactepressure probe and for a flattened~md probe. 
Imact-pressure data were obtained for a Бето а number rame from 425 
to 8,000, where The Reynolds пірог мас based on free stream conditions 
and the immact probe outside dianeter, Tho data show that the Rayleigh 
equation reaulves corrections for visceus effects at Reynolds numbers 
less than 6,000 for the circular sharpelipped probe and less than 4,000 
for the flattenedsend probe, the viscous effects increase with 
decreasing Воупоібѕ numbers, At a Reynolds mmber of 125, the measured 
impact pressure is approximately 2.5 per cent lower than that predicted 
by the Rayleigh equation, It was concluded that the viscous effects 
were dependent on Mach number as well as Remolds number. 

Temperature recovery factors for the total-temperature probe 
were obtained throughout a Reynolds number range from 30,800 to 213,000, 
where the Reynolds number vas based ол the probe entrance outside 
diameter and the froe stwan conditions, An analysis af suitable 
paraneters with which to present the data is included together with the 
axperineital data. Fora Limited range of total tenporatures, a 
Single tenperature recovery calibration curve was obtained wien the Reynolds 
nunber was used as a рагалоїог, The data show that the temperature 
recovery factor of tie total temperature probe decreases with docreasing 


Raynolds nunbers. 
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speed of sound, ft. /sec, 

area, Sq. ft. 

area of a sonic бгоа6, 54. ЁС, 

specific heat at constant pressure, Btu/(1b.) (deg. F) 
probe outside diameter, inches 

probe inside dianetor, incies 

heat transfer eoefficient, Btu/(sq. ft.)(dog. F)(sec.) 
characteristic outside dimension for flattened probes, inches 
constant conversion factor є 778 ft. lb./Btu 

thermal conductivity, Btu/(ft.) (deg. F)(soc.) 

mean molecular free path length, inc:es 

Mach number, u/a, dimonsionless 

Mach number inside temperature probe = constant 
Nusselt number, hd/k, dimensionless 

defined by Nu к,/ I, Ky Ginensionless 

pressure, 116./вс. іп, 

Prandtl number, А с, dimensionless 

heat flux, Btu/see, 


tenperature recovexy factor, dinensionless 


‘gas constant for air = 1715 sq. £t./ (вос.2) (дог. Р) 


Reynolds nunber, pud/u , dimensionless | 
Reynolds nunber evaluatod at total Tenpemture 
absolute temperature, dege R 

local velocity, ft./sec, 





«ч! 


mean molecular velocity, Г%./5сс» 


х variable length, ft, 

Х ratio of specific heats, с/о dinensionloss 
A a length of thermocouple wire, inches 

А absolute viscosity, lb. sec./sq. Гі» 

p mass density, lb. 8ec, */ 5t, 

Subscripts 


( de refers to gas conditions 
( |, stagnation or reservolr conditions 


( М pertaining to the thermocouple wire 


Superscrints 


()' conditions efter normal shock, for an inviscid fluid 


( ) Stagnation conditions as read by inpactepressure probe 





Le IPTRODUCTIO:! 


Velocities of fluid streams which are much greater than the local 
acoustic velocity are commonly referred to as "hypersonic" velocities. 
For the sake of definiteness, the hypersonic regine is arbitrarily 
considered in this report as the Mach number range above 5, 

Recent developments in guided missiles and rockets, wiich are 
designed to travel at hypersonic Mach пилоетз and extreme altitudes, 
have necessitated obtaining basic aerodynanic data in hypersonic wind 
tunnels, The difficulty in accurately obtaining local fluid strean 
data such as Mach number, Reynolds number, otc., is much more severe in 
a rarified hypersonic air strean than in suporsonic or subsonic flow 
streams of higher density. The problem specifically treated in this 
experinental investigation is tiat of interpreting and calibrating 
inpact-pressure neasurenents and total-tenperature neasurenents in a 
hypersanic flow, 

For measurements of inpact pressures in a moving fluid field a 
total head tube is conventionally used. The tube is aligned with its 
exis parallel to the flow, and the fluid stream is brought to rest at 
tie open end of the tube, he pressure at the open end of the tube is 
tien determined by a suitable pressure sensing system, Impact pressure 
interpretation at low densities and in subsonic and supersonic Slows 
hes been the subject of several theoretical and experimental investi- 
gations (Refs. 1 to 8), 

For supersonic continuum flow of a compressible, non-viscous 
fluid the familiar Rayleigh fomula (Cf. Ref. 9, pe 77) provides a method 


of relating impact pressure to the static pressure and Mach number. 





Application of the rayleigh pitot-tube equation implies that in Фе 
fluid stream бола а nomial snock only the inertia forces aro si nifi- 
сапу); consequen.li use of t:is equation becomes increasingly inaccurate 
for conditions in which the viscous forces Lecome appreciable compared 
to the inertia forces. A criterion for this viscous force effect is the 
Reynolds nu:bor of the flow based on a suitaule characteristic dimensione 

For tne case of a continuum, supersonic, compressible, viscous 
flow, (i.e., low Re) theoretical corrections have been applied to che 
Rayleigh equation (Refs. 4 and 5) for selected probe geometries. 

For okt rately low density fluid flow in which continuw flow 
analyses no longer are wlid, the theortical ordinary gas dynanics 
predictions for the impact pressures must be set aside, The general 
field of rarefied gas dynamics has been discussed by Tsien in Ref, 10. 

A useful criterion for estinating the low density effects is the molecular 
mean free path length, wiich сал be defined as the avorage distaice 
between molecular collisions, The ratio of the mean molecular free 

path to a characteristic disiension of a body immersed in a fliid strean, 
2/8 — M/Re, is a significant parmeter for estinating the nagnitude of 
the low density effect, 

The magnitude of ihe ratio //а for mich the methods of continuum 
flow nechonics are inadequate is not well defined. On the basis of 
considerations of experimental data obtained by Kane and Maslach (Ref. 
2), it appears that continuwm fluid dyna:ics theory requires corrections 
for 1/d values greater than about .015, 

When the molecular mean free paths are largo, of ihe approximate 
order of 10, compared to body dincnsions, a fully developed nolecular 


flow exists (Cf. Ref. 10). In this case, tie collisions of a molecule 





(9 


with the bod: in the strean are пи пого Ггесццеп% Ялап collisions wit 
other molecules, and the methods of kinetic theory of gases must be used 
to predict impact pressures. 

With increacing molecular mean free path, the nomal shock wave 
becanes thicker ana less well defined and may not even exist as such for 
a fully developed free nolecclar flow. Therefore, a modified Rayleigh 
formula which onits the shock wave entirely might be of considerble 
interest at low densities, Chambre and Schaaf (Ref. 6) have derived an 
equation predictix: the impact pressure based on considoration of 
kinotic theory for fully dovelo ed molecular flowe 

in the transition region between continuum and fully developed 
molecular flow, no theory predicting the impact pressures in a noving 
stream exists at present, For this transition region Kane and Maslach 
(Ref, 2) have made an experinental investigation of imect pressures near 
the estinated continuun limit, £/a from .138 to .0123 and over a Mach 
nunber range 2.3 to 3.6 and Reynolds nu:ber ran;o of 25 to 804. Sherman 
(Ref. 1) has also nade an exporinental investigation of impact pressuros 
near the estimated continuum limit, £/a = .003 to .11, Mach nuiber 
ranse of 1.7 to 4.0, amd Reynolds nu:ber range of 15 to 800, 

The results of both of these awmerimental investigations showed 
Viscous corrections at very ‘low Reynolds numbers, which yielded impact 
pressures higher tan those which would be computed fron Rayleigh!s 
formla, In addition, Ref., l indicates a region at slishtly higher 
Reynolds nunbers where tho inpact presrure was less than that predicted 


by noneviscous %.согу» 





Ás a conclusion to Nef, 2, a need was ex ressed for furtner 
axperinental tests at hicher Mach numbers. The inpact-pressure phase 
of this investigation involves ex»eriments designed to provido tho exte:x ed 
Mach number range and to include a comparison of two probe geauctries, 

Because of practical considerations and limited tine, this investi- 
gation was restricted to a nominal Маси полрог ог 546 and a minimun 
Reynolds nunber of the order of ЦОО based on impact probe outside dlaneter 
and frec strean conditions, The emphasis on this phase of investigation 
was to obtain experimental data, at hypersoníc Mach numbers and low 
Pe:zmalds nunbers, on the variation of experimental impact =e pressure 
measurenente from those predicted by Tayleich!'s equatione In addition, 
it was desired to substantlate the general trends іл this variation as 
determined by previous investigatozs at lower Mach nunbers. 

The design and calibration of total-temporature probes for use at 
hypersonic velocities have been the subject of relatively Tew experi- 
mental investications (Cf, Ref. 11). For subsonic and supersonic 
velocities the design and celibretíion of total-tempe ratum proves have 
been investigated in Гета. 12 end 13, 

The desicn of a total-tenperat_re probe to give a relatively 
constant calibration for a certain raige of test cond tions is largely 
@ qualitative process involving Uwe selectia: of terials anc difeiisions 
which will fit the test conditions, In order to approach the орбит 
design of a totaletemerature probe for use at hypersonic velocities, 

a considereble amount of theoretical study and experimental iovostigation 
із required. Ее Пе Winkler of the Naval Ordnance Laboratory has made 


rather extensive design and calibration studies for total-tenperature 





probes at hypersonic velocivies and over a considerable range of Reynolds 
nue rs. 

‘the most useful method of presenting total-temerature calibration 
data is by means of a single calibmtion curve that would be valid for 
all flow conditions, ‘he choice of a parancter of the fluid flow which 
Will produce a single curve is not imiediately obvious, The results of 
previous temperature probe calibrations have conventionally been pre- 
sented with either Machi mmber or Reynolds number as the variable 
paraneter, However, іл the hypersonic range use of one of these parae- 
meters as the variable results in families of calibration curves for 
constant values of the other paramster, 

The dependence of — recovery on Nusselt number is 
considered in Ref. 11. The Nusselt number, based on themocouplo wire 
d.aneter and conditions inside the probe, was calculated, and tnis 
number моз then multinlied by the ratio of gas themal conductivity 
to mean thermal conductivity of the thermocouple wires, This paraneter 
is a бая of the heat transfer balance at the themocouple junction 
as indicated in the analysis contained in Appendix A. In Ref, 11, 
temerature recovery factor for a given prove was plotted versvs this 
рагопоїег, а the resulting plot produced a single curve which was 
valid for a considerable rango of Hach numbers, Reynolds numbers, and 
stagnation temperatures of the floue 

he desicn of a new type totaletezporature probe was noi cone 
sidered in this investigation. The scope of this invesiigation was 
simply to construct a temperature probe based on existing designs that 


had proved successful ani to calibmte this total-temerature prove at 





a nominal Machi nuber of 5,6 over a raige of free stream Reynolds numbers. 
Two totaleteupergture probes based on cesigns suggested in Ref. 11 were 
adapted for use in this propran. | 
The eiphasis in this phase of the investigation was on obtaining 
data over the Creamst possible raige of Rornolds numbers and total 
temperatures anil on converting these data to obtain calibration curves 
for tanperature recovery factors so that those temperature probes 
could ba used in further experimental works It should be noted that the 
calibration curves are limited to use with the two temperature probes 
tested. | 
This experimental project? was conducted in the GALCIT 5 x 5 inch 
Hypersonic ind Tumel Leg No. 1 in cooperation with LT Je Ce Graves, 


Us Se ilavy, and under the supervision of Dr. He Te. Naganatsu, 


П. РООТРОИХІТ AND PROCEDURE 


А. Wind Tumel Description 


The GALCIT 5 x 5 inch Hypersonic Wind Tunnel (Leg No, 1) was 
used for these tests, It is of tne continuously~-operating, closed-retum 
type and is operated цу a compressor plant consisting of sixteen com- ` 
pressors driven by seven electric motors, The thirteen compressors in 
the first five compression stages are Fuller rotary compressors, while 
the final two stages consist of three reciprocating commressom, A 
systen of valves and intercomecting piping pemits the selection of a 
wide variety of plant compression retios and mass flows, ‘these valves, 
as well as the compressors, are operated remotely from a master control 
panel (Cf, Fig. 1), A schenatie diagran of the wind tunnel installation 
is shown in Figo. 2 

The Leg Nos 1 test section with fixed nozzle blocks desirned for 
a nominal Mach mmber of 6 was used for these tests. ‘he nozzle blocks 
were desimed by the Foelseh analytical method with correction applied for 
the estimated boundary layer growth. Static orifices were provided at 
one@inch intervals in both nozzle blocks to pemit a check to be made 
with tie original nozzle calibration, 

The Leg Nos 1 air heating System employs superheated stean in a 
multiple pass heat exchanger and is capable of producing a maxinun 
stagnation temperature of about 300°F at a resorvoir pressure of 9 реја, 
and 23) Р at atmospheric reservoir pressure, 

The water content in the air was kept woll below 100 parts per 


million (by weicht) by passing it through a tank containing approxi- 





mately 2000 pounds o silica gel. Oil was removed by Cyclone separators 
after each compression stage and, in addition, by finely-divided activated 
carbon canisters, porous carbon filter blocks, and a Mine Safety 


Appliances "Ultra=säire Space Filter". 


В. Model Description 
le  lunpact-Pressure Prove Rake 


Six stainless steel probes, of varying dianeter, were mounted on 
а 2 inch x 25 inch stainless steel, wedge-shaped rake as shown in Tige 3e 
Tae lead-in tubes, also of stainless steel, were completely enclosed 
within the wedge and ite 5/16 inch diameter support rod. With the use 
of the externally-operasted model control system in the tunnel test 
section, the rake could be moved vertically so as to bring each probe 
into the Tunnel center line, 

Two probe=end geometries were эм. The Type 1 probes were 
sSharp-lipped and cirevlareended with outside dianeters varying fron 
0.016 inch to 0.25 inch. ‘he Type II probes were nade by flattening 
the ends of round tubes so that the ratio of outside height to outside 
width was one~third, Sizes of probe~end outside heights ranged fron 
0.014 inch to 0.109 inch, Figure 4 shows a schematic sketch of these 


two probe geometries. 


2» офарпа | опетепре га ите Probes 


Two stagnatione-temperature probes were constricted, both essen- 
tially similar to the design given in Ref. 11 but differing from each 
other in outside dianeter of the probe entrance and thermocouple wire 





diameter. Botn probes consisted of a sinj;le platinuun-coated quariz 
shield cemented to a stainless steel nolder with a high-temperature 
ceramic cement. To replace continuously the eir inside tha probe, a 
single vent hole was provided in the shield aft of the themocouple so 
that the vent=area to emiranec=area ratio was prats 1:5. Expori- 
nental data in Rof, 11 indicate that this area ratio is an optimum 
. value, lron=constantan tiemocouplos wore cemented into a quartz support, 
which in tur was sealed into the stainless steel holder. 

Probe A had an entrance outside diameter of 0.10 inch, and В. апа 
5. саге 30 (.01 inch diameter) themocouple wire was used, while the 
outside dianeter of the entrance of Probe B was „063 inch, and 0.012 
inch diameter thermocouple wire was used. Fige 5 gives a schematic 
sketch of these probes, and Fig. 6 shows the probe support on which the 
probes wero mounted for placement in the tunnel. It should be noted 
that this latter probe support also included an impactepressure probe 
and a staticepressure probe, in addition to the temperature probe, so 
that flow conditions in the tunnel test section could be measured 
readily. Each probe could be positioned in tum on the tunnel center 


line by means of the model support control, 


Je Static-Pressur Probe 


The static-pressure probe was constructed of 0,003 inch outside 
diameter stainless steel tubing with a solid 10 degree conical nose. 
T ree static orifices spaced uniformly around the tube circunference 


wero located 30 diancters dowstream from the nose. 
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С» Instrumentation 


le Pressure loasurements 


The reservoir pressure was measured with a Tate-Imerm nitrogen 
balanced gace and controlled within = 0.04 psi by a limeanolis-Honeywelle 
Brown circular шеті controller, All вігбіс and impact pressures were 
measured on a silicone fluid, vacumereferenced manoneter (Fig. 1). 

With the latter, pressures could be easily read to the closest 0.1 en 


and estinated to 0,01 an of silicone. This cstinate is approxinatoly 


equivalent to 0,07 nicrons of nereury, 


22. Tennerature Measurements 





The tunnel stagnation temperature was measured by an Трабах 
запал, shielded thermocouple located one inch upstream fron the nozzle 
throat and was recorded and controlled py a Minneapolis=!oncywell- 

Brom circular chart controller to within 22°F, The thermocouples in the 
stagnavion=termperature test probos were differentially comected with 
the reservoir themocouple to a Leeds and ılorü,rup slide=wire po?eitio- 


meter, as shom schematically in Fige 7e 
De Test Procedure 
1. Inmpact-=Pressure Rung 


Prior to the installation of the probe rake in the test section, 
an axial static pressure survey was conducted on the tunnel center line 
to locate a region of unifom pressure, A point 19,7 inches aft of the 


throat was selected, and the inmpaci=pressure probe ends were ali.;ned 


1 


accordingly. In addition, a vertical total-head survey was nade at this 


position with results as shown in Fig, 8. 


After the probe rake was installed and comected to the nanoneter, 
each complete systen was carefully leakechecked. With the tunnel 
onerating at a specified reservoir condition, each of the six differente 
sized probes on the rake was in tum placed at the test section center 
line, and its pressure measured on tie silicone manometer. This 
positioning was accomplished with the verticaleactuating nodel control 
systen, which was extemmally operated. In addition to counter readings 
оп the vertical supports, it was found desirable to use the schlioren 
system and a fixed grid network placed on the glass port to cieck tie 
center line positioning. The cycle was repeated until a determination 
of the reproducibility of results wes completed, 

Since 1% was desired to obtain the lowest possible Reynolds 
number (and consequently, the lowest air density) in the test section, 
the stagnation conditions of ninimun possible stagnation pressure (p,) 
with the corresponding maximun total temperature (T,) were selected 
for ono rum, Іп aiit етиб. rns at sli ntly lower T¿*s and 
higher p,'s were паде • 

ihe actum, reservoir teaperature and pressure combinations used 


were as follows: 











Po (psia) T, (°F) Roma ris 
1.7 230 one=phase flow 
14.7 221 one-phase flow 
14.1 210 onaephase flow 


30.7 21,2 one-p..aso flow 





A schlieren picture was take. of the flow around the probe rake 
to determine if amy shock wave interference existed from one probe to 
another. Referring to Fige 9, it is seen that the strongest shock wave, 
created by the largest probe, coes not intersect tie adjacent probe 


until it is iiany diameters dowstrean,. 


de Хођа је Тепре rature Runs 


я 


The total-temperature probe was mounted іп the tunnel on a 
Support wid also included a total-pressıre probe ai a static=nressure 
probe as shown in Figs. 6, The latter two probes were comected to the 
nanoneter system and then carefully ioak-iested. ‘he leads from the 
test themiocouple were differentially connected with the reservoir thermoe 
couple to the potentiometer, Mus, the enef. read on the potentioncter 
was proporiional to the tenperature difference between T, and the temperature 
sensed by the tesi prove; To's 

For each calibration =m, the reservoir temerature was held 
fixed and tae reservoir pressura varied througout its possible range. 

t each flow setting the total pessum, Static pressure, and Cent. 


were rocorded, 
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ІІІ. REDUCTION AND ANALYSIS OF DATA 
Ae Impact=-Pressure Correction Technique 


In order to deteriine a viscous correctíon, it is first necessary 
to find the value which the Impact pressure would have if the flow were 
essentially inviscid. This value could be determined if an impact 
prote wore used which was sufficiently large that the viscous effects 
were no longer detectable. However, lt was not know intuitively 
whether the Reynolds number of the largest pm. on the probe mke 
tested was large enough to be free of viscous effects, Consequenily, 
some additional analysis wes necessarye ол 

A method of attack which proved quite satisfactory in Ref. 1 was 
employed, This technique consisted of plotting the measured impact 
_ pressures against the inverse of immact-probe diancters for the six 
different-sized probes tested and extrapolating a curve through the 
resulting points to 1/d = 0. ‘he value of the pressure intercept at 
this point was considered to be that corresponding to the impact 
pressure in an inviscid fluid, 

This process of letting l/a approach zero was considered equiva- 
lent to letting the Reynolds number approach infinity, ali other factors 
in Re having been held constant, Typical plots of data involving this 


process are shown in Fig. 10. 


В. Determination of Flow Paraneters 


lo Mach Number 


With the measured impact pressure, corrected for viscous effects 


as explained previously, plus the measured static pressure, the free 





1, 


strean Mach nunber was calculated wing Rayleigsh'!s well-Inom supersonic 
pitot tobe equation. Іп the instance where the static pressure was 
measured during a run subsequent io a series of impactepressure runs, 
tho reproducibility; of flow conditions was checked by means of a 
reference imnact~pressure probe. 

ine subsonic Mach number of the flow within the totel~taneratire 
probes was calculated simply fron tho area ratio of the shield insid 
dieneter to the vent. Since the pressure ratio at the vent, р/ро', 15 
well below the critical value, a sonic throat excists in the vent passage, 
Thus, for a given probe geonetry, the !iach mumber o? the flow witnin 


the probe is essentially independent of free stream flow conditions, 


г. Reynolds ilu oer 


The Reynolds number per inch based on undisturbed free strean 
conditions was calculated for each flow setting, The corresponding 
Reynolds number for each impact probe based on the outside diameter vas 
then detemined, The measured fiee stream pressure, tre stagnation 
temperature, and the corresponding value of the Mach nunber were used 
to commute the Reynolds maber, 

By definition ve can write 

Re е Lud e Mad (1) 
ы А 
The assumption of the perfect gas law gives P = p/RT, and the sonic 
velocity, a, is given bya = YX, Substituting for p and a in 
Еа. (1) we obtain 


Ro е М й (2) 





15 
which roducos to 


Be = 033 DEL (3) 


for Х = 1.1 ані R = 1715 ft./sec.^ Ra Tho units of p, d) u, and T 
are given in the list of symbols. 

Ву esswning adiabatic flow the free stream temperature, 7, was 
then obtained fron the equation 


ға 


е + © 
1 Tae (5) 


A plot of this ecuatáon given in Ref, 11 wes used, 

The corresponding value for the viscosity of air was obtained 
fron a plot of the Keyes! equation for viscosity. Ref. 15 indicates that 
for air at very m temperatures Keyes! equation is more — de Алап 
the faniliar Southerland's equation for viscosity, For alr, Keyes! 


equation becomes 


/^ (slugs/ft. sec.) ч 2,316 х 10710 — a ae (5) 


+ Se 1079 


At higher temperatures (above 500 R) the viscosity for air was obtained 
from curves based on Southerland's equation given in Ref, 16, 

Thus, all the properties used to characterize the eir strean 
have been those of the undisturbed free stream, It was also desired to 
obtain a set of roference properties based on conditions behind a normal 
shock waves The change in properties of a free stream passing through 
a normal shock wave was calculated by the use of curves af normal shock 


wave functions given in Ref. ls. 
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3» Knudsen Nunber 


The mean molecular free path lengths for the undisturbed free 
stream and for flow conditions after a normal shock wave were calculated. 
For eacı probe the corresponding Knudsen numbers were determined. From 


Kinetic theory, Chapman gives (Ref. 17) 
Ж 5 04990 FL (6) 


where V is the nean molecular speed and Ê is the mean molecular free 
path length. Results from kinetic theory also connect Y with the 


velocity of sound, a, by 


ve Pen & (7) 


where Y is the ratio of specific heats. Combining Pas, (6) and (7) 


yields 


2 ару Е (8) 


Hotáng that ура =d M/Re and using X= 10h for air, Еа, (2) becomes 
L = 1.49 (м/ге) а (9) 


The Knudsen number is now expressed as a function of Reynolds number 
and Hach number; 


ДИ = 3.9 (м/ве) (10) 





ТҮ 
Це Nusselt Ihnıber 


The Nusselt nwiber considered here involves the rate of heat 
transfer between the air flow and the themocouple wire. It is defined 


in general by 


h 
№ = ~ (13) 





where ch = heat transfer coefficient 
к. а gas thermal c onductivity 
d, = themocouple wire diameter 


Moreover, for flow in which heat transfer is taking place we nay write 
Mu = 2,05, Re, Pr) (22) 


where Pr is the Prmdtl number for air and may be considered as remaining 
constante Now, if we detemine the Reynolds number, Re”, based on an 
evaluation of pas density and viscosity at total temperature rather 


than at static temperature, then 


Ro" = g(Re, М) | (13) 
and во | 
Ма = 2, (Ве”) (33) 


In Ref. 18, a semi-enpirical equation has been determined for 


this relation, namely, 
Nu = 0.431 Ува? (15) 


With this equation the Nusselt nunber of the flow inside the total- 
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temperaty re orove (Coanec on thermocouple wire diameter) is easily cal- 


culated from measured quantities as follows: 


рай ы бо Үр б, Е 0.33 Ро! B: du ут 
Mo То Мо 

па“ = аф (16) 
а До + 0.2 пр“ 


p,' = impact pressure in 156,/1ль 
Ho = f(T.) = pas Viscosity in 1Ъе„/ї%„^-вес. 
d, = <thermocouple wire diameter in inches 


i a Mach number inside probe 


For the given probe geometries considered, there exists ine 
problen of detemininz the proper area ratio to use in calculating Ар» 
However, considering the entrance area, where ач is even creater than it 


is at tho thermocouple wire, we find 
АД" 8 5 а Мосе 10477 


Thus, the variation of the denominator ef Eq. (16) with My is negligible, 


and we can write 


пе“ 0,313 4,, рс! 
" ба 





(17) 


whore the indefiniteness of calculating Шо constant ор is eliminated 


by including it with the parameter Ве“, 
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Fron experimental results in Ref, 141 and an anılysis of heat 
transfer balance in tho thermocou»le wire containod in Appendix A, it 
appears that the parameter lu кк, is significant for the investigation 
of the temperature recovery factor. Accordingly, a paraneter нц" із 
defined 


Но = nn | (28) 


Using Eqs. (15) and (17), this may be written 


Nu" = 04252 ы? ЖЬ 
5 
те Мо" Kr 


For the thermocouple, Қ, is a constant and may be considered as the 


(19) 


mean of the two values for iron and constantan. However, Kg varies 
with the changing conditions of the gas. In Ref. 18, a suggested 
formula for calculating к. is . 


к, = 3.03 х 079 19479 (20) 


Thus, for a given probe gemetry, Nu“ is dependent only on the local 
% 
reservoir conditions; and for any given run at a constant Ip, Nu is 


a function only of impact pressure, pp!» 


С. Temperature Recovery Factor Determination 


In order to calibrate a total=terperature probe for future 
application, some neasure of its ability to convert all of tho kinetic 


enorgy of an air stream into heat energy nust be obtained. For this 
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purpose a temperature "recovery factor" is comonly defined as 


т = po e (21) 


where “ is the tomperature sensed by the probe. 

Since it was desired to measure as eccurately as possible the 
Snall difference between T, and T,', the probe thermocouple was differe 
entially connected with the reservoir themocouple, as shown in Fig. 7» 
In this manner, the e.n,f. read on the — WaS proportional 
to the difference, To - 1” Using the thermocouple tenperature- 
millivolt equivalent, the temperature difference was converted to 
degrees Fahrenheit. 

With the recording of reservoir temperature, Los and subsequent 
calculation of the stream temerature, T, using the adiabatic energy 
equation, all infomation for determining recovery factor was available. 
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ТУ, ТӘРРТІМЫТІ,!, RESUS AD DISCUSS?ON 
А. mact Pressure Measurments 


2. Experimental Results 


Impact pressure data were obtained at a nominal Mach number 5.6 
for impact pressure probe Types I and II as described in Section II. 


The range of test conditions are sumarized as follows: 


M 9 54.3 to 56 
Re = 425 to 8,000 


The primary results of this phase of the investigation are show 
in Figs. 11-16 which show corrections to be applied to measured impact 
pressures, Two different parancters based on free s trem conditions 
were used to present the corrections which are ziven as the mtio of 
measured impact pressure, Po ? to the ideal noneviscous impact pressure, 
Рр” In addition to the parameters based on free stream conditions, 
the impact pressure ratios obtained for impact pressure probe Туре I are 
presented in Figs. 13 and 14, as a function of the same parameter based 
on flow conditions benind a normal shock. 

The results of the experiments show that the Rayleigh formula 
requires corrections for viscous effects wien the Reynolds number 
based on free stream conditions 4s less than 6,000 for probe Type I and 
less than 4,000 for probe Type II. However, the correction is small 
for the range of Reynolds nunbers obtained in this investigation, The 
maximum deviation of the measured impact pressure, obtained at the low 
pressure limit of the experimental equipment, was 2.5 per cent. The 


deviations of tho measured impact pressures from the ideal impact 
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pressures were negative in sense that the measured impact pressure 
was less than the ideal non«viscous impact pressure (1.6., Po"/Po'< 1). 

It should be noted here that the specific impactepressure correction 
data presented are valid only for the range of Mach numbers used to 


obtain the data and for the particular types of probes considered. 


г. Consideration of the Methods of Data Presentation 


Presentation of the data versus a parameter based on free strean 
conditions is most desirable from the viewpoint of practical application 
of the data to correction of measured impact pressures, The deviations 
ої measured impact pressure from that predicted by the Rayleigh equation 
are caused by viscous and low density effects. Consequently, ше 
Reynolds number and the Knudsen number based on free stream conditions 
and the impact probe diamoter were chosen as significant pararıeters, 

It is not to be expected that the calibration curves, obtained 
for measured inpact-pressure correction versus parameters based on free 
stream conditions, are independent of Mach nwaber. However, over the 
limited range of Mach numbers encountered in this investigation tis 
dependence of the —— calibration curves on Mach mumber 
was not apparent, 

Use of flow parameters based on stream conditions behind a 
normal shock pemits comparison with experimental results for трасе 
pressure corrections in subsonic flows. For a more detailed study of 
the data and correlation with theory, the most useful presentation is a 
plot of measured impact-pressure correction versus parameters based on 


stream conditions behind a nomal shock (Cf. Figs. 13 and li). 
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3. Comparison with Previous Lxperinental Investigations and Theo 





Only a qualitative comparison with previous investigations can 
be made as the present investigation was conducted at considerebly higher 
Mach numbers than any previous experimental work, The most significant 
difference in results obtained in this investigation as compared with 
results of similar investigations is that the viscous effocts on | 
impact-pressure measurements become apparent at much larger Reynolds 
numbers for the higher Mach numbers encountered in this investigation. 

The results show in Ref, 1 for a probe of Type I at a noninal 
Mach nunber of 2.5 show increasing viscous effects on measured inpact 
pressure with decreasing Reynolds mmbers, beginning at Reynolds nunbers 
of 150 to 200. The present results at nominal Mach number 5.6 show 
viscous effects for Reynolds numbers less than 6,000. Qualitatively, 
the results of this investigation are in agreenent with emerinental 
results shown in Hef, 1 for an inpact-pressure probe of Type I. The 
results of Ref. 1 show measured impact pressures less than the ideal 
over the range of Reynolds nunbers from 30 to 200. For Reynolds numbers 
below 30 the data of Ref. 1 show measured impact pressures grater than 
the ideal. 

Fxperimental results for a source shaped — (Refs. 1 and 2) show 
consistently increasing p,"/p,' with decreasing Reynolds nunter. It 
appears that the source-shaped probe has soiewhat different viscous 
characteristics than those of Types I or П. 

It is possible that the curve show in Гір, 12 might tend to 


swing up to values of Po" /pg'. greater than one if data at the lower 





2l 


Reynolds nunbers were included, It should be noted here that the 
minim value of the ratio po" /pg! observed in this investigation was 
lower by approximately 2 per cent than the values af py"/p¿! sham in 
Ref. 1 for a probe of Type Ie 

An attempt to correlate directly p,"/p,' with £ /d ~ N/Re fails 
when a comparison is made with the results of Ref, 1. For a nominal 
Mach number of 2.5 the viscous effects become apparent for values of 
2 /d less tim .0196 as calculated from the data contained in Ref, le 
As shown in Fige 12 the viscous effects at a nominal Mach number of 5.6 
become anparent for Ф ла less than «004, The comparison with previous 
inves рабе verifies the dependence of the curves show in Figs. 

12 and 16 on Mach number. 

Ref, 5 contains a theoretical development, for selected probe 
geometries, which predicts a viscovs correction for impact pressures in 
Supersonic, contimam, viscous flow. this developnent assumes a nomal 
shock wave and includes the viscous effects in the subsonic flow field 
by means of а bourndery layer analysis. this theory predicts that the 
impect pressure sensed in a viscous fluid is always larger than the ideal 
non=viscous impact pressure, 

The results obtained in this investigation are in variance with 
this theory. As pointed out previously, other investigations at lower 
Mach numbers, with source-shaped probes, heve shown measured impact 
pressures highor than the ideal. | It is apparent that for certain 
Reynolds number and Mach number ranges, the theory given in Ref. 5 is 
invalid for impact~pressure probes of the types used in this investigation, 


A taeoretical analysis of impact pressure by Staros (Ref. 8), 
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based on the entropy rise and the related dissipation behind a detached 
normal shock, predicts that measured impact pressures in a viscous super 
sonic flow are less then the ideal non=viscous impact pressures. Гог Ше, 
range of Mach numbers and Reynolds numbers encountered in the present 
investigation, it appears that this theoretical analysis is qualitatively 


correct, 


В. Jotal-Temperature Probe Calibration 


і. Initial Calioration for Comparison of Probes A and В 


Total-tenperature Probes A and B wrw initially calibrated at a 
constant total temperature of 2259F, The choice of total temperature 
was based on two considerations: the tempemture chosen was sufficiently 
high to prevent condensation of the constituents of the air in the wind 
tunnel test section and was sufficiently low for it to be maintained 
over the operational range of reservoir pressures, The Mach nunber was 
not constant over the range of test conditions but tended to vary slightly 
with decreasing reservoir pressure and increasing total temperatur, 
Unavoidable variation of the bowndary layer thickness in the noszle 
produced this variation of Mach number. 

Test conditions for the initial calibrations are sumarized a9 
follows: 

p,(psie) = 14.7 to 9.7 
Re/inch  * 30,800 to 213,000 
М = 5.5 to 5.8 


Tho results of tho initial calibration are presented in Fig. 27. The 
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variation of the temperature recovery factor ís plotted as a function 
of the Reynolds nuiber based on free stream conditions and the probe 
entrance outside diemeters For calculation of the temperature recovery 
factor, adiabatic flow fron the tempermture probe located just aliead of 
the nozzle troat to the total=etemperatura probe in the test section 
WES ascuned, 

The tenperature recovery factor for Probe B was considerably 
lower than that for Probe A, However, the general shape of the two 
calivration curves is similar, The relatively poor perfomance of 
Probe B can be partially attributed to its smaller entrance diancter, 
Evidently, the smaller dimeter shield is less effective tnan the large 
diameter shield, and hence allows more conduction and radiation losses 
from the stagnation streanline, The shield on Probe B is also sonewhat 
longer than that on Probe A, The increased shield length is also сопе 
ducive to more heat loss. It would be expected that, since the length 
to dianeter ratios of the thermocouple wires for the two probes ave 
essentially caual, tne conduction loss trough the thermocouple wires 
would be approximately the sane, 

йо additional calibrations were made for Probe B at other 
reservoir pressures; instead, Probe A was chosen for more extensive 


calibration analysis. 


2» Extended Calibration of Probe A 


Probe A was calibrated for the operating range of reservoir 
pressures at three total temperatures. The range of total temperatures 


used was restricted dve to the consicderations previously nentioned. 
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Threo series of data were гссогМей for essentially the sane rei of 
Reynolds numbers and Mach numbers at constant total Фелрекађитев 06 
2200г, 2250р >» we 260°F s respectively. Test conditions for these calibra- 


tion runs aw summarized as follows: 


> е 1.7 to 94.7 psi 
Re = 30,800 to 213,000 


М в 5,5 to 5.8 


le results of the calibration of Probe A are presented in Pigs. 16-20. 
the temperature recovery factor ls presented as a function of three 
different parameters, Re, Nu, ant Hu*, in en attempt to show the erfect 
of tho totaletenperature change on the calibration curves. The only 
curve which shows 2 distinguishable effect due to total tenperature 
change is the one based on the parameter Iu" shown in Fig, 20. Tus, 
it is noticed that the temperature recovery factor is apparently hi lest 
for a siven value of thi” at the lowest total venperatures It should be 
noted here that the calibration curves obtained in this investigation 


are quantitatively valid only for the particular probes used in the tests. 






Suitability of Parameters for Presen Teme rature 


Recovery Factor Calibrations 








The ideal parareter to we in plotting a calibration curve is 
one which is based on properties of the free stream and which yields a 
single curve valid over a considerablo rmnge of flow conditions, the 
Reynolds number based on properties of the freo stream provides a cone 
venient parameter, and the results of thib investigation show that use 


of this parameter produces 2 single curve for this range of test cone 
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ditions, Тһе Nusselt nuiber based on flow conditions inside the probe 
and on the themocouple wire diameter also produces a sinjle curve over 
the range of test conditions. It is diffioult, however, to justify 
theoretically the significance of either of these paraneters, and it 
could not be expected that use of either Reynolds number or Nusselt 
"number would produce a single curve for large variations of Mach number 
or total temperature, It should be noted that the Nusselt number of the 
flow within a given probe geanetry can be related to the propertics of 
the free stream, The only properties required to obtain the Nusselt 

. nunber are the total temperature and the impact pressure. 

An attempt was made to determine theoretically a significant 
parameter based on flow conditions inside the tenperature probe. this 
theoretical analysis is presented in Appendix A and is based on consider- 
ations of a simplified theory of heat transfer, For the purposes of 
the problen, it was assuned that heat losses other than conduction 
through the thermocouple wires are negligible, This analysis indicates 
the ведои of tho paranoter Nu Кво which is proportimal to 
Nu” (defined бу Ба» 18), this factor of proportionality being constant 
for a given probe seonetry, The theoretical results shown in Appendix 
A indicate thatthe teuporature-recovery factor, when plotted versus Hu", 
should be invariant with respect to total temperature and the free stream 
Mach nunber. 

As previously noted, use of the paraneter Nu" does not yield a 
single cul curvo. It appears, therefore, that the assumptions 
made in the theoretical analysis aré perhaps over simplified, and 
consequently do not provide a sufficlently accurate analysis for the 


temperature probe used in this investigation, It is believed, however, 
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that for variable free stream Mach numbers this parameter would prove 


superior to those based on free stream conditions. 


le Comparison with a Previous !xperinental Investigation 


By using the parancter Nu КЛ» ich ís as mentioned previously 
proportional to what is defined in this study as Nu’, E. Winkler, Ref. 11, 
has obtained a single calibration curve valid for a considerable range 
of total temperatures, Reynolds numbers, and hypersonic Mach nunbers, 

For the probe celibrated in Ref, 11, it was estimated that 95 per cent 
of the total heat losses was due to conduction through the thermocouple 
wires, ihe rosults obtained in this investigation are somewhat different 
from those of Ref, 11, This variance nicht be partially attributed to 
the shiclding employed on Probe A not being as effective as the shielding 
used for the probes calibrated in Ref, 11. Less effective shiolding 
would male nore inaccurete the assumptions used in Appendix A, which 
theoretically establish Nu" as being а significant parameter. It would 
then be expected that a probe which had relatively inadequate shielding 
with consequent increased losses from the stagnaticn streamline would 
not, for a given value of Nu", have a temperature recovery factor 
constant with respect to total tanperature. 

Excperinental data given in Ref, 11 show a dependence on total 
temperature of a plot of tenperature recovery factor versus Reynolds 
number, In Ref. ll, the total=tenperature changes were quite large; 
therefore, the dependence on total temperature was easily detected. 45 
previously pointed out, for the limited total-temperature range available 


in this investigation and for tne curve of temperature recovery factor 





29 


verzus Neymolds number shown in Fig. 18, any effect due to спапсе in 
votal tenperature was not apparent within the nomial scatter of the 
experinental dava, It is expected that if the range of taiperatures 
could have been extended, the effect of the change of total temperature 


would have become apparente 
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Ve CONCLUSIONS AND DACA MENDATIONS 


With — to the impactepressure phase of this investigation at 
a nominal Mach number of 5.6, the results indicate the detection of 
viscous effects on the readings of impact-pressure probes at Reynolds 
nunbers as hich as 6000. While the effects are negligible at tiis 
Reynolds nunber, they continue to increase with decreasing Reynolds 
numbers, and at a Reynolds number of 405 the measured impact pressure is 
approximately 2.5 per cent lower than that predicted by the Rayleigh 
equation. A comparison of the two probe geometries tested indicates 
that the flattened-end probes are more susceptible to these viscous 
effects at the lower Reynolds nunbers than are the circular end probes, 
It appears definitely that this investigation should be extended to 
higher Mach numbers and lower Reynolds numbers, since both of these 
variations tend to increase the viscous effects on impact-pressure 
deternination. 

The totaletenmperature phase of this investigation involved the 
calibration of a particular tenperature probe and an analysis of various 
parameters suitable for presenting this calibration. For the nominal 
Mach number of 5.6 and total temperatures from 200% to 260F, a single 
LR curve of temperature recovery factor was obtained with tne 
use of the Reynolds number of the free stican based on the probe entrance 
outside diameter or the Nusselt number of the flow inside the probe based 
on the thermocouple wire diameter, The data show that the tenperature 
recovery factor of the total-temperature probe decreases with decreasing 
Reynolds numbers, Here again it seems desirable to extend the investi- 
gation to higher Mach numbers, lower Reynolcs nunbers, and a wider range 


of total temperatures. 
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ІТИРЕЛАЛДАТ ЗЫ. АТ А РШ  ОСООРЇР JUNCTION 


DUE TO CONDUCTION IN THE THHRHMOCOUPLE. WIRES 


If it were possible to bring a fluid strean to rest adiabatically 
at a themocouple junction, the kinetic energy of the strean would be | 
completely recovered, and the fluid tenperature at the junction wuld be | 
че боїої temperatue, 7. With an aotual temperature probe, it 15 
impossible to achieve absolute adiabatic deceleration of the flow to 
stamnation, As the temperature of a fluid element in the stagnation 
streavline increases above the static temperature of the free strem, 
there is a loss of heat from the sample due to conduction of heat through 
the gas in addition to mdiation aml convective heat transfer to the 
probe shielde ! 

However, according to Ref. 18, the heat loss due to non-adiabatic 
flow along the stagnation streamline and the heat loss from the thomo- 
couple junction by radiation are considered to be relatively small conm= 
pared to the heat loss from the junction by conduction through the 
thermocouple wires. Consequently, for this analysis, only the heat 
loss due to conduction through the themocouple wire is considered. 
To evaluate this effect it is assumed that there exists a wifom fluid 
temperature, T,, along the bare themocouplo wize and that there is a 
negative temperature gradient fron the tiemocouple junction to the base 
of the wire. It is also assured that the tonnerature of the wire is 


constant at any cross sectione 








Referring to the above sketch, the temperature of the wire at 
A, Ta, must be greater than ths temperature at B, Tp; ån order for heat 
to flow fron A to By Also, (Фі/ёх)р = 0 Ц/ syimetry, anà the velocity 
insido the probe; Uns is asswred small só that (ра (2g J 0, 759279 1. 
Considering ал element of wire of length dx, the neat luk, Qy 
3 


тои ihe wire at a given cross section is 


Q = D ay > (4-1) 


ly 


Where ll, is tho coefficient of themal conductivity of the wire, ¡hen at a 
point a distance, dx, from the given cross section the heat lux is given by 


ат. ae T 2 
QIN = e Со «= к, “а 


(2-2) 
and the increment of heat fix in the element of wire of length dx is 
д» тт анг 
LOL жал г дъ 
Now consider the heat flux from tac fluid to the wire throuch ihe 


surface of the wire element, This may be written 
Q e (T~ Ty) BT dy d (4-8) 


is the stagnation temperature of the fluid, T(x) is the local 


2 т 
were T, i 
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temperature of tie wire, and h is the convective neat “iransfer coefficient 
which includes the combined effect of conduction through the film and 
convection in the fluid. this coefficient is assumed to be constant over 
the length of the wire, 

Now, for equilibrium conditions to exist in the wire, the heat 
flux through the surface must equal the change of heat flux along the 
thermocouple wires Thus, the resulting differential equation is 

аёт 


У 


TES A I E (=) 
It is convenient now to introduce the Nusselt number, in the fom 
№ ә һа/с (4-6) 


where k, is the coefficient of tiormal conductivity of the fluid. then, 


denoting the cross sectional area of the wire by A, Eq. A-=5) becones 


4 т, қ 1 % 
--2- - ва ска “туз ит Та) = о (4-0) 


The general solution of this differential equation is 





„= а o PX + 0, өс (А-8) 


wnere 


e^ e Nu (к/к) Ata) (д-9) 
Now, if the boundary conditions are applied 


T T 
е u A=10 
ч | 9 аз, oe ( ) 


(Т. « Т.) совп ех 
о“ ім cosh BA (A=11) 
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where A is the length of wire between points à end B in the previous 
Sketch, At the thermocouple junction, x = 0, Iy = Тї, апа Ед» (А»21) 
becomes 4 
т. 
To ий”, e ar — (A=12) 
the energy equation for adiabatic, frictionless, steady flow of a 
perfect gas may be written | 
2 


Ф a Ñ ә. sit е... ай 
to в 23 Y 8, (A=13) 


and by the use of the definition of the temperature recovery factor, г; 


at the themocouple ju:ction, this equation becomes 
T 2 = » u | (А«Щ) 


ог 
e £s u = 
в“ T ГВ 725 Јер 1412) 


where Гр is the temperature recovery factor of the thermocouple base 
(Point В ), 
Combining Бос. (А-12), (Л-14), end (4-15) yields the following 


expression for recovery factor 


Фк гр ) 
"BT совае ~ wet 
It is clear that for a given probe geometry, r * r(rg,Q ), where 6 із 
defined in Eq. (A-9). Thus, the significance of the parameter Nu (КЛ) 


can be easily soon, 
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ACCU.ACY AULESIS OF ПХРОЛОЦЯЇАІ DATA 


ihe magnitude of the random errors encountered were estimated by 
considering the reproducibility of the observations, the sensitivity of 
te scale, and the associated reading error. For the experinentall; 


measured quantities, these estimated errors are as follows: 


Leasurcnent Estinated Maximum Error 
Static pressure • р 20.2 пп. of silicone 
Impact pressure ~ р" 20.5 mm. of silicone 
Resorvoir pressure e Do less than 0.5% 
Reservoir temperature « T, 29р 
Thermocouple voltage 20.01 micro volt 
Impact tube dimension d,h 2,0005 inch 


ine ideal inpact pressure was o:tainod by an extrapolation 
procedure as explained in Section III. The estimated naximum probable 
error in the extrapolated value of impact pressure is 20.5 me of 
Silicone, This estimated value was determined as a result of a 
graphical study of the extrapolation curves, 

the accumcy of the computed values, based on both estimated 
errors in the individual — а and the errors from the use of 


graphs, tables, ctc., is as follows: 


Quantity exime Error 
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Ratlo of inpact phessures = p,"/p,! 0.12} 


nach Nuber =- M 
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Termerature Recovery Factor “ г 2 ,06 


Reynolds Üunber = Re 
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